Influence of convective flow on the growth of pure and alloyed dendrite by Kazak, O. V. et al.
Math-Net.Ru
All Russian mathematical portal
O. V. Kazak, P. K. Galenko, D. V. Alexandrov, Influence of convective flow on the
growth of pure and alloyed dendrite, Vestn. Udmurtsk. Univ. Mat. Mekh. Komp. Nauki,
2016, Volume 26, Issue 3, 299–311
DOI: https://doi.org/10.20537/vm160301















 ©    	  










 	 		 	   	   	 

  
      	 	
 	 
  !
"		      	# 	  			 




 	  	  	! $ 	      	
 	 	   	%  	  	
  	 
  	 &!   	 	 	
			 		      		  	 	'
% 	 	   	 !
  	
( %  	% 		 		% 	!
)*+( ,-!.-/01234,5-0-,

   ! " #!$ ! %&#!  &'  # ! (	) ! *$** +
 !  !$ " !$ !,  !-.$ ! /#! - "0 !'#!" ! +
' " $ () 1 $ ! ! &** !'#& !$ !2   !+
$ ! $  !2  /#! - !   ! (3) 4 "   ! ! " !.+
$0 56!" $  $ 7!$ !*  !$   !#+ ! .+ $  " &$+
 *" (	)0 ' .$* !- 8!#!, #   "0 &'  " $ #!'#!" "
$6!$ !* #!$ (	) ! $  " " #!!.9!! (3)
  *6,  * 9 #! #!  ! 7%!!  ! !-.&* -
$## %   !$0 #* &'!$ $# # $#!$ % # (		0	) !
 !.  $,$ % !9 #!5!#- (		
) #5 - !-.& %!+
!'# &$  ! !77&.!! * ! !*  $ $ % ."$ !! $" -2
#!0 #, *$** !   #!$ (	0	:) ;$!$- +
, %!!'#% !  $   #&* , ! !#! ! !$+
 !! /77# ."$ !! (	3)0  #5 ! $$ &$  !, $## " 7.$"
$6 !,  !-.$ ! 7&  - , 9& %&.  %   !* ()
 .&- - !$ #! !#&   !$ $  !.!'#, !  , !0
'   #. !* #!'#! !% ! $ /#! "
1 $  $ ! ! $   ,  &  - & ! !2   , ! +
, #! !#!   !$ $ 8!# !.  #,  #!$ *#
10−5 . . . 102 < (	0 ) * !'#% ! !* !-.&*   "5 !,0
!  , $ " (	0 	:) ! #!!,  &,'!$%   !$0 &'  ,
 $  $ " (0 =)
      ! "#$
> !-  $   #! !#! $!' %   ! ! !.+





		    	   
 	 
   !




#- % $ $!* (	0 	:)  %* !77&.!, $ $, 7.0  # 9 9!! $+







+ (w · ∇)Cl = DC∇2Cl, @		A
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[(Cl − Cs)v · n] + (Cl − Cs)v · n+DC ∇Cl · n = 0, @	A
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p {1− αβ cos [4 (θ − θβ)]} , @	A
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∇p+ ν∇2 w, ∇ · w = 0, @	3A
% z B  $ !   !$0 ρ1 B  - 5!#! ! ν B #! !'#* $*.+
#- $  ! @	3A 8*  % !'  &$! !! !* * #! 5!#!
;! &$  !, @		A@	3A !$  !'#%  ! ! 8!*
&6&2  $#& N  !  (	)   &',  !. %   !
$ #- + $ $ " &$!*" (
)
 % 	! #&$  '() ($ #  # #
 -  $8!   !    $ " (0=)0 .&- #" +
     &'! % .$$ !* (:) ! * #-   $ $ , #!+
!.9!! (	0	:) 1 $ * !* /!"  ! $ #! 9!! #!!*  &,'!$%
 $8!   !$    "5 !*   % $" !
% *( +#,(-$  #& #
16 "5 ! ΔT = T0 − meC∞ − T∞ $* , & ,  
"5 !!,   $8!   !M
ΔT = ΔTT +ΔTC +ΔTN +ΔTR +ΔTK , @	A
% C∞ ! T∞ B !" * # 9 9!* ! & $0 # ! !2* +
*  ! $!  $8!   !E ΔTT B "5 !0  "! * $ #,
 #!!.9!! $%&- "5  % $E ΔTC B # 9 9!   +
"5 !0 ΔTN = (me − mv)C∞ B "5 !0 $. !#26 !.+. 6 !* ! !!
!#$!&  $% 5 !* $ $!*   #! !'#, 7.$, !% #!!+
.9!!E ΔTR = 2d0TQ/R B "5 !0 $. !#26   !#!$  , $" ! @.
' /77# ?! AE ΔTK = V/μk B #! !'# "5 !0  "!
* !!  !* $ @'!9A   $" - #!  $$&26! #! !'+
#! #/77!9!  μk  .&-   "5 !* @	A $*.$ &&
Ti ! # 9 9!2 Ci   $8!   ! @ &$  ! @	AA  &, T∞ ! # +
9 9!, C∞ $ C "5  % $0 ' #.$  &2 %$  -
 &$  ! @	A ! &$  ! @	A
 $#9!* !. * + !   $ ! &6%  !0 ' !. *+
 #!'# 8 ! $ 9$ @&'   -# ! # &#!$    
!<!! A % $ "5 ! ΔTT ** !7!9!$  , 7& #+
9!, $ 9$ Iv∗(PT , Pf ) ##
ΔTT = TQIv
∗(PT , Pf ). @A
F- !7!9!$  * 7& #9!* $ 9$ * + ! +  !$* ##
Iv∗(PT , Pf ) = PT exp(PT + Pf )IT (PT , Pf ), @A




















#,  -2  %!' ! %& $ $ $ @		A () ; &' # $#9!! # 9 +





1− (1− kv)Iv∗(PCD, Pf ) , V < VD,
0, V  VD,
@=A
% !7!9!$  * 7& #9!* $ 9$ * # $#!$ %    &'  !.
# 9 9!!   $8!   ! $ $ $ @		A ##
Iv∗(PCD, Pf ) = PCD exp(PCD + PfDTC)IC(PCD, Pf ), @A
 '! # *2*  8 !*! @	A D$ $ , ! $ #!!.9!!
Δv $ @=A .$!!  #! ##
Δv =
{
mvC∞(1− kv)/kv , V < VD,
0, V  VD.
@
A
 &'0 ! #- $8!   ! V -8 !! $  #! !77&.!! $+
  % $6$ VD0 # 9 9!   "5 ! ΔTC $   &20 ' $$&
"& # 5!& .!77&.!  , #!!.9!! 1'$! 0 '   &$, #-2
# $#9!! @U = 0A0 7& #9!! @A ! @A "* $    7& #9!! $ 9$ Iv(PT )
! Iv(PCD)0 $$  












+ (1− kv)2 V
VD
}
, V < VD,
me ln ke
ke − 1 ≡ const, V  VD.
@A





(1− V 2/V 2D)ke + V/VDI
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P = 1 +
2mvCi(1− kv)DTC
TQ
, P0 = Pf + PT ,
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δ0DTβ0
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The paper presents the model of anisotropic growth of dendritic crystallization of chemically pure and binary
liquid (solution or melt) based on forced convection of the liquid phase. The dependencies of the growth rate
and the radius of the top of a dendrite from under-cooling fluid in cases of a chemically pure material and
alloys are presented. A comparative analysis of the influence of forced convection on the dendrite growth
kinetics is carried out. Evaluation of growth rate and morphology of dendrite by high-speed crystal growth
model was done. The contribution of convective flow and the anisotropic properties of the liquid-crystal
boundary were taking into account. The model is also used hyperbolic diffusion equation to describe the
non-equilibrium impurity capture by crystal surface, which occurs under the rapid crystals growth.
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